Figure 1. ARF1 t Interactions with Coatomer and ARFGAP
(A) GTP-dependent binding of human ARF1 t to coatomer. N-terminally His-tagged ARF1 t was immobilized on Ni-IMAC beads, loaded with either GTP or GDP, and then probed for binding of purified coatomer (see Experimental Procedures). Bound protein was analyzed by SDS-PAGE and silver staining. The positions of ␣-COP (160 kDa) and ␤-, ␤Ј-, and ␥-COPs (which migrate close together at ‫011ف‬ kDa) are indicated. (B) GTP hydrolysis on human ARF1 t activated by the rat ARFGAP catalytic domain (residues 6-136) in solution. The conversion of ARF1 t from the GTP-to GDP-bound forms is monitored by a decrease in mobility on a 15% native polyacrylamide gel. ARF1 t -GTP (20 M) and ARFGAP (4 M) were incubated together for the indicated times at 20ЊC and then analyzed by native PAGE and Coomassie blue staining (see Experimental Procedures). (C) The differential mobility of GTP-and GDP-bound ARF1 t was confirmed in a control experiment. ARF1 t was loaded with the respective nucleotides using an ARF1-specific exchange factor and analyzed as in (B).
accelerates the reaction a further 1000-fold in an ARF-1997; Tesmer et al., 1997a). In the present study, an AlF x -stabilized complex of ARF1 t -ARFGAP could not be GAP-dependent manner; furthermore, structural comparisons indicate that the effector-binding site of ARF1 detected biochemically (data not shown). Instead, the initial crystallization trial used ARF1 t bound to the nonhyis not occluded by ARFGAP. Together, these observations suggest that the GTPase active site is constructed drolyzable GTP analog, GppNHp, but this was unsuccessful owing to poor solubility properties of the comfrom a tripartite complex of ARF1, ARFGAP, and coatomer and raise the possibility that an arginine finger-a plex. Finally, crystals were obtained of ARFGAP (residues 1-136) complexed with human ARF1 t bound to GDP and canonical feature of GAP-mediated GTPase reactionsis supplied to the ARF1 active site by a subunit of Mg
2ϩ
. This structure represents the product complex of the GAP-mediated GTPase reaction, so it does not coatomer.
provide details of the active site alignment for catalysis. Where necessary, these details are inferred from strucResults and Discussion tural comparisons with the Ras, Rho, and G i␣1 systems. The crystal structure was determined by a combinaBinding of ARF1 t to Coatomer and ARFGAP tion of multiple isomorphous replacement and molecular The crystal structure of ARF1 in the triphosphate conforreplacement methods. The refined model has a crystalmation established that the protein has a bipartite struclographic R factor of 21.5% and a free R value of 28.0% ture comprising a GTPase core of classical Ras topology at 1.95 Å resolution (see Experimental Procedures). linked to a membrane anchor, the myristoylated N-terminal ␣ helix (Goldberg, 1998). Consistent with this, truncation of the N-terminal residues 1-17 of human ARF1
Overview of the ARF1 t -ARFGAP Structure creates a soluble protein (termed ARF1 t ) that retains full
The structure of the ARF1 t -ARFGAP complex is illusactivity in exchange factor assays (Paris et al., 1997) . trated in Figure 2 , and the ARFGAP topology is deThese observations suggested that other ARF1 activiscribed in Figure 3 . ties-namely effector binding and ARFGAP-stimulated Electron density maps confirm the presence of GDP GTP hydrolysis-could be studied without a membrane and Mg 2ϩ at the ARF1 t active site. With the exception requirement, by using ARF1 t . Indeed, incubation of puriof the switch 2 region, the overall conformation of GDPfied coatomer with purified, immobilized ARF1 t showed bound ARF1 t in the complex is very similar to the isolated a direct, GTP-dependent interaction ( Figure 1A Before considering the ARFGAP mechanism, a preliminary issue concerns the unusually slow catalytic rate of ARF1 (Kahn and Gilman, 1986). Specifically, how is the zinc finger motif to form a short three-stranded ␤ ARF1 switched off more effectively than Ras? The rate sheet (␤4-␤3-␤5). GATA-like zinc fingers that function in of GTP hydrolysis on isolated Ras appears to be re-DNA recognition use the C-terminal ␣ helix (equivalent stricted by the high mobility of switch 2, which lowers to ␣B in ARFGAP) to contact the DNA major groove the probability of Gln-61 being aligned for catalysis (Pai (Omichinski et al., 1993) . In ARFGAP, the corresponding et al., 1989; Scheffzek et al., 1997). Gln-61 of Ras is a region of ␣B is exposed to solvent, and no zinc finger conserved catalytic residue that positions the active site residues mediate contacts with ARF1 t (Figure 2A ). Inwater molecule for nucleophilic attack. Surprisingly, in stead, the zinc finger module serves an architectural the crystal structure of GppNHp-bound ARF1 t , switch 2 role. In particular, the hairpin formed by ␤ strands 3 and and the catalytic glutamine (Gln-71) were found to be 4 (residues 32-41) forms a plug of hydrophobic amino well ordered (Goldberg, 1998). However, a comparison acids (␤ plug) in the core of the ARFGAP molecule. In with the Ras-RasGAP complex indicates that Gln-71 the GATA-1 transcription factor, residues that form the is subtly misaligned at the active site. A least-squares ␤3-␤4 hairpin are more hydrophilic and are exposed to superposition of ARF1 t -GppNHp and Ras-RasGAP (ussolvent in the NMR structure (Omichinski et al., 1993) ing atoms of the P loop and nucleotide) shows that Gln- (Figure 3) . 71 is displaced by ‫2ف‬ Å from the catalytic position, in the The ␤ plug, with sequence CX 16 C, is likely to be a direction of switch 1 residues 46-47 (e.g., the distance conserved structural feature of ARFGAP proteins. This between C␥ of Gln-71 and C␥ of Ras Gln-61, after superposition, is 2.1 Å ) (data not shown). The position of the is important since it predicts that the GAP domain of At the ARF1 t -ARFGAP interface, two structural elements from ARF1 t (switch 2 and helix ␣3) interact with ing of Gln-71 is imposed by the switch 2 region, which forms a well-ordered 3 10 helix from residues 72 to 80 two elements from ARFGAP (strand ␤5 and adjoining loops, and helix ␣F) (Figures 2 and 4 ). There are numer-(Goldberg, 1998). Given the negligible GTPase activity of ARF1, this is evidently an efficient mechanism for ous electrostatic interactions between the proteins, with a total of 13 charged residues and six salt bridges; in disabling the active site. Finally, an obvious prediction from this is that the ARFGAP mechanism will involve this regard, the interface is similar to that observed in the complex of G i␣1 and RGS4 (Tesmer et al., 1997a). the reconfiguration of switch 2. Indeed, switch 2 is a Helix ␣3 of ARF1 t (residues 100-112) is a key recogniArg-112 ( Figure 4A ). The lack of activity toward Arl2 is not surprising, since ARF1 and Arl2 share 45% sequence tion site and is contacted by six highly conserved residues from the fingertips region of ARFGAP ( Figure 4A ). identity in switch 2 (defined as ARF1 residues 70-80) and only 23% identity in helix ␣3. This interaction surface is likely to be preserved throughout the GTPase reaction, since the conformation of helix Switch 2 interacts with residues on helices ␣C and ␣F of ARFGAP ( Figure 4B ). However, since the confor-␣3 is insensitive to the GTP-GDP transition (Goldberg, 1998). The distal portion of helix ␣3 presents a hydrophomation of switch 2 is influenced by GDP bound at the active site, the details of these interactions are likely to bic surface patch (ARF1 t residues Met-108, Arg-109 [aliphatic portion], Leu-111, and Ala-112) that contacts condiffer somewhat from the transition state complex, and so will not be discussed in detail here. In the GTP-toserved ARFGAP residues Val-54, His-55, and Phe-58. The proximal portion of ␣3, on the other hand, makes GDP transition, switch 2 converts from an ordered 3 10 helix to a highly mobile conformation (Amor et al., 1994; exclusively ionic interactions; residues Glu-105, Glu-106, and Arg-109 of ARF1 t form salt bridges with Arg-60, Goldberg, 1998). In the ARF1 t -ARFGAP complex, switch 2 is also mobile from residues 70-74, including the cataLys-68, and Glu-71 on ARFGAP ( Figure 4A) . Interactions involving helix ␣3 may be important for specificity. In lytic Gln-71, but remains helical from residues 75-80. Several lines of evidence suggest that ARFGAP acts vitro, ARFGAP is active toward human ARF1 and ARF5, but not human ARF6 or Arl2, an ARF homolog (Ranon ARF1-GTP by reconfiguring switch 2. Most importantly, stabilization of switch 2 is a central mechanistic dazzo, 1997). The lack of activity toward ARF6 is informative, since ARF1 and ARF6 are 100% identical in feature of Ras-and Rho-specific GAPs and of RGS (Rittinger et al., 1997; Scheffzek et al., 1997; Tesmer et al., the switch 2 region. Thus, the discrimination is likely to be governed by interactions involving helix ␣3. Two 1997a). Second, residue Gln-71 of ARF1 is required for GTPase activity, but the crystal structure of ARF1 tcharged residues, in particular, may be important. First, residue Glu-105 (bonds with Arg-60 of ARFGAP) is conGppNHp revealed that switch 2 and Gln-71 are misaligned at the active site (Goldberg, 1998). Third, the served as glutamate or aspartate in human ARF1-5, and in S. cerevisiae ARFs, but is uncharged (glutamine) in ARF1 t -ARFGAP structure shows that ARFGAP binds to switch 2 and helix ␣3. Thus, it is proposed that ARFGAP ARF6. Second, ARF1 residue Asp-114 at the C terminus of ␣3 is invariant in human ARF1-5 and in yeast ARFs, accelerates the GTPase reaction, in the absence of an arginine finger, by inducing switch 2 into a catalytically but it is an arginine in ARF6. In the complex, Asp-114 forms a salt bridge with the conserved ARFGAP residue competent conformation.
Comparison with RasGAP
The binding site for ARFGAP on ARF1 t is distinct from that observed in the Ras-RasGAP complex (Scheffzek et al., 1997). Specifically, RasGAP (p120 GAP ) binds directly over the Ras active site, such that the ␥-phosphate group is at the approximate center of the interaction footprint ( Figure 5 ). This allows the RasGAP molecule simultaneously to stabilize switch 2 and insert an arginine finger, residue Arg-789; RasGAP rigidifies switch 2, but it does so by binding only the N-terminal region adjacent to the active site (residues 60-64) (Scheffzek  et al., 1997) . In the G i␣1 -RGS4 complex, RGS4 likewise makes extensive contacts with the proximal portion of switch 2, and none with residues 243-255 (equivalent to ARF1 t helix ␣3) (Tesmer et al., 1997a) . RGS4 abuts the helical domain of G i␣1 (which contains the catalytic Arg178), and together these are centered over the GTPase active site, in a similar fashion to RasGAP. This raises the question as to why ARFGAP binds to a distinct GTPase surface, 15 Å from the active site, in (yellow and green). For ARF1 t the effector-binding site has not been established crystallographically, so this was modeled based on data from the complex of the and further accelerate, the GTP hydrolysis reaction. This Ras homolog Rap1A and Raf1 kinase (Nassar et al., hypothesis was tested biochemically.
1995). Although not all GTPases bind their effectors in this mode (in particular, see Tesmer et al., 1997b), the
Coatomer Synergizes with ARFGAP to Accelerate Rap1A/Raf1 kinase complex was chosen because there GTP Hydrolysis is evidence that the ARF1 effector, coatomer, binds to Purified coatomer was tested for an ability to increase the classical switch 1 effector region (ARF1 residues the ARFGAP-stimulated GTP hydrolysis reaction of 45-53; equivalent to Ras 32-40). First, in GppNHp-ARF1 t (see Experimental Procedures). As was found for bound ARF1 t , switch 1 and the effector region adopt a myristoylated ARF1 (Kahn and Gilman, 1986), purified conformation that closely resembles Ras (Pai et al., ARF1 t has no detectable GTPase activity, and activa-1989; Goldberg, 1998). More directly, photocrosslinking tion of the GTPase function requires ARFGAP (residues experiments indicate that ARF1 residues Ile-46 and Ile-6-136) ( Figures 1B and 6A ). The addition of coatomer 49 (equivalent to Ras effector residues Asp-33 and Ilecaused a marked increase in activity. Importantly, this 36) interact directly with coatomer (Zhao et al., 1999) . enhancement is dependent on ARFGAP, as coatomer Thus, effector-binding residues were assigned to ARF1 alone had no effect ( Figure 6A) . Additionally, the effect based on homology with the respective residues of the of coatomer is clearly an acceleration of GTPase activity Rap1A/Raf1 kinase complex. The analysis shows, strikrather than increased nucleotide exchange or dissociaingly, no overlap of the GAP-and putative effector-bindtion, since control experiments with [␣-32 P]GTP showed ing sites on ARF1 t (Figure 5) . Additionally, the comparithat the nucleotide remains bound to ARF1 t throughout son with Ras highlights the absence of an arginine finger ( Figure 6A, top panel) . Coatomer induces several orders in the ARF1 t -ARFGAP complex.
of rate acceleration, so initial experiments were done at a In summary, ARFGAP appears not to occlude the eflow coatomer to ARF1 t ratio (1:175 molar ratio, assuming fector-binding site of ARF1 t . This suggests that ARFGAP 100% active coatomer) to facilitate accurate half-life could act directly on an ARF1 t -coatomer complex and measurements within a practicable dynamic range. As shown in Figure 6A , under these conditions coatomer raises the possibility that coatomer may participate in, stimulates GTP hydrolysis approximately 10-fold. The the affinity of ARFGAP for ARF1, or by assisting ARFGAP in orienting the ARF1 catalytic machinery. However, a stimulation of GTPase activity appears to be stoichiometric with coatomer; in a second set of experiments more exciting possibility is that a subunit of coatomer supplies an arginine finger residue to the ARF1 active done at a high coatomer to ARF1 t ratio (1:1.75), coatomer stimulation is approximately 1000-fold ( Figure 6B) . Unsite. The comparison with Ras indicates that the site for insertion of an arginine finger is unobstructed in the der these conditions, in the absence of coatomer, the extent of GTP hydrolysis is negligible after 60 min (com-ARF1 t -ARFGAP complex ( Figure 5 ). In view of this possible mechanism, the magnitude of the rate acceleration pare Figures 6A and 6B) due to the reduced concentration of ARF1 t (50-fold lower) and ARFGAP (17-fold). A by coatomer, ‫-0001ف‬fold, is interesting by comparison with data for Ras. Mutational analysis of RasGAP has more detailed analysis was not attempted due to the complexity of the ‫006ف‬ kDa heptameric coatomer comshown that the arginine finger contributes a factor of ‫0001ف‬ (for p120 To do this, they bind ized COPI coat. The apparent utility of the "tripartite directly over the active site, thereby occluding the efmechanism," then, is that a long-lived ARF1-coatomer fector-binding region. Thus, for these GAPs to maintain complex will remain accessible to ARFGAP. (More gencontrol of the duration of the GTP signal, the rates of erally, the mechanism allows the kinetics of a GTPaseGTPase-effector association and dissociation must be effector interaction to be tuned to any values without relatively rapid. In this study, structural and biochemical compromising GAP action). An important requirement observations suggest a mechanism by which the efficacy of this mechanism is that GTP hydrolysis in the ARF1-of GAP action can be made independent of GTPasecoatomer complex is slow. As shown in Figure 6A , coateffector kinetics. ARFGAP stabilizes switch 2 by acting omer stimulation of the GTPase reaction is absolutely at a distance from the ARF1 t active site, thereby avoiding dependent on ARFGAP. Finally, the disadvantage of the overlap with the effector-binding region. Since ARFGAP tripartite mechanism is that, by acting at a distance from cannot supply an arginine finger from this location, the the GTPase active site, ARFGAP is unable to supply an catalytic arginine may be provided instead by the efarginine finger for transition state stabilization. fector complex, coatomer. Thus, efficient GTP hydrolysis occurs in a tripartite complex of ARF1, ARFGAP, and coatomer. The characteristics of this mechanism are Stimulation by Coatomer: an Arginine Finger Mechanism?
well suited to GTPases that function, like ARF1, as assembly factors promoting the formation of protein comCoatomer may exert its stimulatory effects on GTPase activity in a number of ways, for example, by increasing plexes, or as proofreading devices. 
Experimental Procedures program AMORE (CCP4, 1994
). However, as this accounts for just ‫%05ف‬ of atoms in the crystal, the model-derived phases were correspondingly impoverished so that electron density for ARFGAP was Protein Preparation and Characterization Human ARF1 t was prepared as described (Goldberg, 1998). Coatuninterpretable. Two mercuric reagents were used to obtain heavy atom derivative crystals (Table 1) (Table 1 ). All residues have been ARFGAP catalytic domain was defined as residues 1-136 (data not shown). This region was subcloned and purified as before. The modeled with the exception of ARF1 t C-terminal residues 180-181 and ARFGAP N-terminal residues 1-5, for which no electron density histidine tag was cleaved at the thrombin-specific site encoded by the pET15b vector, and protein was purified further by size exclusion is observed. The model comprises 2354 non-hydrogen protein atoms, together with 259 water molecules, the active site GDP moichromatography. Prolonged incubation with thrombin leads to cleavage between ARFGAP residues Arg-5 and Thr-6. ARFGAP conety, and Mg 2ϩ ion plus an additional Mg 2ϩ ion that mediates a crystal contact. A single residue falls in a disallowed region of the Ramastructs 1-136 and 6-136 were purified to homogeneity and found to have identical activities on ARF1 t -GTP. chandran plot; residue Lys-59 in ARF1 t has poor geometry owing to weak electron density for residues 59-60. Crystallization and Structure Determination For crystallization, solutions of ARFGAP (residues 1-136) and ARF1 t were combined to give 1.7 mM of each protein in 150 mM KCl, 20
Coatomer Binding Analysis The purified ARF1 t with an N-terminal His 6 tag was immobilized on mM HEPES (pH 7.5), 5 mM MgCl 2 . Recombinant ARF1 t purified from E. coli contains a 6:1 ratio of bound GTP to GDP (Randazzo et al.,
Ni-IMAC resin to give 5 g ARF1 t per 1 l of packed beads. Catalytic amounts of Arno, an ARF-specific exchange factor, were used to 1995), so the protein mixture was incubated for 30 min at room temperature to allow complete GTP hydrolysis (see, for example, replace bound nucleotide with GDP or GTP as described (Goldberg, 1998), and beads were then washed and equilibrated with buffer A Figure 1B ). Crystals (thin plates) were grown by vapor diffusion at 25ЊC by mixing 1 l of protein mix with an equal volume of well (20 mM Tris [pH 7.5], 5% glycerol, 200 mM NaCl, 0.2% Triton X-100, 7.5 mM MgCl 2 , 20 mM imidazole). Ten microliters of packed beads solution, containing 27% (w/v) polyethylene glycol (PEG) 4000 and 100 mM MgCl 2 . The space group is C222 1 , and the asymmetric unit was incubated for 15 min at room temperature with 100 l of buffer A and 2 g of purified coatomer and subsequently washed three contains a single ARF1 t -GDP/ARFGAP complex (Table 1) . For X-ray data collection, crystals were flash-frozen to 100 K without additimes with 1 ml of buffer A. The bound fraction was eluted by adding solid urea to 8 M, then boiled with SDS-PAGE sample buffer and tional cryoprotectants. Diffraction data were measured on a Rigaku R-AXIS IV area detector, with mirror-focused CuK␣ X-rays from a subjected to electrophoresis. Proteins were detected with silver. rotating anode source. The crystals diffract strongly to at least 1.9 Å resolution. Data were processed using the DENZO package (Otwinowski and Minor, 1993), and subsequent calculations were perGTPase Assays Two GTPase assays were used. A native gel assay was devised formed with the CCP4 program suite (CCP4, 1994) ( Table 1) .
The structure was solved by a combination of multiple isomorbased on the finding that ARF1 t -GDP migrates more slowly than ARF1 t -GTP through native polyacrylamide gels. 
